The main advantages of single-cell gel electrophoresis (SCG) are its applicability to any eukaryotic organism and cell type, its low cost and the short time required to obtain results. These properties make the SCG assay particularly useful in screening for environmental genotoxicity. The present study describes a modified version of this technique for use in field work with native rodents and examines some factors which influence the outcome of the assay. Wild rodents (Ctenomys torquatus, "tuco-tuco") from a region close to a strip coal mine and from a region with no coal mines were used. Animals from the coal mining region had significantly more DNA damage than those from the control area. The use of this SCG technique for direct sampling in the field should facilitate environmental genotoxicity studies with natural populations, without the need to remove the animals from their habitat or to sacrifice them.
INTRODUCTION
The alkaline single-cell gel electrophoresis (SCG) assay, a new procedure for evaluating DNA lesions (single strand breaks and alkali-labile sites), involves application of an electrical current to cells, which results in the transport of DNA fragments out of the nucleus. The image of DNA migration obtained resembles a comet with a head and a tail, hence the term comet assay (Klaude et al., 1996; Singh and Stephens, 1996) . Since the DNA damage induced by toxic agents is often tissue-and cell-specific, SCG is very useful because it can detect DNA lesions in individual cells obtained under a variety of experimental conditions; the technique can also be used to evaluate DNA repair (Tice, 1995) .
A significant advantage of the SCG assay is its applicability to any eukaryotic organism and cell type. Since the assay is also inexpensive and gives results within a few hours, it is appropriate for environmental monitoring. In addition to human peripheral blood lymphocytes exposed to different agents, both in vitro and in vivo (Collins et al., 1997) , other cell types and organisms have also been tested with this assay Tice, 1995; Verschaeve and Gilles, 1995; Sasaki et al., 1997a,b) . In particular, native animals, especially small mammalian species, living in or close to polluted zones, have been used to detect hazardous pollution (Nascinbeni et al., 1991; Farbairn et al., 1995; Petras et al., 1995; Tice, 1995; Baker et al., 1996; Salagovic et al., 1996; Ralph et al., 1997) .
Since Singh et al. (1988) published their description of the SCG assay, there has been rapid growth in the use of the comet assay. The small variations in the different steps of the technique reported by different authors have been reviewed (McKelvey-Martin et al., 1993; Farbairn et al., 1995) .
In this report, we adapted the SCG assay for use in field work and assessed the factors that influence this assay using Ctenomys torquatus, a rodent endemic to southern Brazil (Freitas, 1995) , to evaluate the influence of coal mining as an environmental hazard.
MATERIAL AND METHODS

Animals
Specimens of Ctenomys torquatus (OctodontidaeRodentia), a fossorial rodent with low vagility, were captured at two sites in southern Brazil: Pelotas, a region with no coal mine, was used as an external control, and Candiota, close to a strip coal mine. The two populations had the same karyotype (2n = 44 and FN = 72), indicating chromosomal uniformity (Freitas and Lessa, 1984) . The rodents were captured in summer 1996, in the same week, one day per site. All of the animals were captured from 10 a.m. to 6 p.m.; seven rodents from Pelotas and 11 from Candiota were used (no more than one per burrow). Oneida Victor (number zero) traps with a rubber cover for fossorial rodents were set where fresh earth mounds were located. All animals, were anesthetized with Zoletil (Virbac, 8 mg/kg) as soon as captured, prior to blood sampling, and were then returned to their habitat after recovering from the anesthesia.
METHODOLOGY
An alkaline single-cell gel electrophoresis (comet) assay for environmental biomonitoring with native rodents Blood samples Blood samples were collected from foot pricks of anesthetized animals, using heparinized capillaries. The samples were stored in Eppendorf tubes (blood + liquemine; Roche) on ice and protected from light until processed. Human blood samples collected on the same day under the same conditions served as an internal control for possible damage during manipulation or transport to the laboratory.
Comet assay
The comet assay (alkali method) was modified from that described by Singh et al. (1988) and took into account the observations of Hartmann and Speit (1995) and Tice (1995) . Roughened microscope slides were dipped briefly into 1.5% hot (60 o C) normal melting agarose (NMA) prepared in phosphate-buffered saline (PBS). The slides were dried overnight at room temperature and then stored at 4 o C until used. Each slide was coated with 300 µl of 1.0% NMA in PBS, as soon as the agarose had boiled, and then covered with a coverslip and transferred to a humidified box at 4 o C for a least 5 min (slides used until 24 h maintained good quality) to allow the agarose to solidify. Subsequently, blood (7-10 µl) mixed with 95 µl of 0.75% low melting point agarose (LMA) (Gibco BRL) at 37 o C was spread on the slide using a coverslip and then allowed to solidify at 4 o C in a moist box. After removal of the coverslip, the slides were immersed in freshly prepared cold (4 o C) lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris; pH 10-10.5; 1% Triton X-100 and 10% DMSO added just before use) for at least 1 h and for up to four weeks.
All procedures up to the lysis were done in the field. Two slides per rodent were prepared. The slides were kept in lysing solution, packed and transported on ice to the laboratory. In addition, whole blood samples from rodents and humans were mixed with RPMI 1640 medium (1:10), and kept at 4 o C during transport. This precaution allows the preparation of more slides in the laboratory if necessary.
The alkaline unwinding, electrophoresis and neutralization steps were performed as described by Hartmann and Speit (1995) , with minor modifications. The slides were removed from the lysis solution and placed in the electrophoresis chamber, which was then filled with freshly made alkaline buffer (300 mM NaOH and 1 mM EDTA, pH 12.6). The cells were exposed to alkali for 30 min to allow for DNA unwinding and the expression of alkali-labile sites. Subsequently, the DNA was electrophoresed for 30 min at 300 mA and 25 V in an ice bath. All of the above steps (preparation of slides, lysis and electrophoresis) were conducted under red light or without direct light in order to prevent additional DNA damage. The main advantage of using weak alkali (pH 12.6) in the electrophoresis step was the possibility of maintaining the sensitivity of the alkali assay (pH > 13) in which the extended comet tails would be clearly distinguishable from the heads, and thus be easier to evaluate (Klaude et al., 1996) .
In all cases, negative and positive controls were run using human blood. For the positive control, 200 µl of whole blood was incubated for 2 h at 37 o C with 50 µl of methyl methanesulfonate (MMS; final concentrations of 8 x 10 -5 M and 4 x 10 -5 M). The two concentrations were used to demonstrate different levels of damage and to ascertain the assay sensitivity.
After electrophoresis, the slides were placed in a horizontal position and washed three times (5 min each) with 0.4 M Tris buffer, pH 7.5, to neutralize the excess alkali. Finally, 70 µl of ethidium bromide (2 µg/ml) was added to each slide, which was then covered with a coverslip, stored in a humidified box at 4 o C and analyzed using a fluorescence microscope with a calibrated eyepiece. The slides maintained a good fluorescent image for at least four days.
Images of 50 randomly selected cells (25 cells from each of two replicate slides) were analyzed from each animal. Comet tail lengths (nuclear region + tail) were measured in arbitrary units. One unit was approximately 5 µm at 200X magnification. The fluorescence microscope was equipped with a BP546/12-nm excitation filter and a 590-nm barrier filter. Cells were also scored visually into five classes, according to tail size (from undamaged-0, to maximally damaged-4) ( Figure 1 ) and a value was assigned to each comet according to its class. The final overall rating for the slide, DNA damage score, between 0 (completely undamaged) and 200 (maximum damage), was obtained by summation (Collins et al., 1995 (Collins et al., , 1997 . Apoptotic cells were observed ( Figure 1F ) but not evaluated, since they represented dead cells (Olive et al., 1993; Speit and Hartmann, 1996) .
The statistical evaluation was performed using twotailed Student's t-test. A difference at P<0.05 was considered statistically significant.
RESULTS AND DISCUSSION
The normal appearance of the cell and comet structures changed depending on the duration of storage in the lysing solution. The slides could be stored for at least two weeks in cold lysing solution without affecting the results, but the cell quality was better the sooner electrophoresis was performed. After four weeks, the normal cells and the comets showed reduced definition with fading at the edges.
RPMI 1640 medium was a good option for transporting blood samples to the laboratory. The cells remained in good condition for up to four days with no significant change compared to cells prepared on the day of collection.
There was no significant difference in the mean of total image length in the cells of animals between the coal mining region and the internal and external controls (Figure 2) , although rodents from Pelotas and Candiota had a mean tail length slightly superior to the internal control. Olive et al. (1992) discussed DNA migration as a parameter for DNA damage in neutral or alkaline assays, pH 12.3. These authors discounted the usefulness of this measure based on the observation that the distance of DNA migration reached a plateau while the DNA tail:head ratio continued to increase.
There was significantly greater DNA damage score (arbitrary units) in the Candiota group than in the control groups (Figure 3) . Similarly, animals from Pelotas (external control) had more damage than the human samples (internal control). This difference between external and internal controls may reflect the presence of some pollutants in Pelotas or of some inherent factor in this population. Similar results were observed with earthworms (Verschaeve and Gilles, 1995) , two species of tadpoles (Ralph et al., 1997) , and bullheads and carp , in which the external controls showed higher values than the internal controls. These results indicate that data obtained under laboratory conditions do not necessarily reflect those obtained in the field. In these studies, the SCG was sufficiently sensitive to detect naturally occurring levels of genotoxic agents.
The DNA damage at Candiota included almost half of the cells analyzed (48%), whereas at Pelotas only 20% of the cells had "comet" cells, thus confirming the ability of coal and derivatives to cause genetic damage. Several studies have described coal-related problems and the subsequent effects. Thus, Srám et al. (1985) analyzed chro-mosome aberrations in lymphocytes from open-cast mining workers engaged in stripping and digging operations, and Salagovic et al. (1996) used SCG to evaluate DNA damage in earthworms exposed to coke.
Coal contains polycyclic aromatic hydrocarbons (PAHs), the environmental behavior of which has been investigated for many years. Because of their toxicity, environmental persistence, and prevalence, PAHs and their metabolites bind to and disrupt the organization of DNA and RNA, which provides the basis for their tumorpromoting activity. For this reason, PAHs are listed by some environmental protection agencies as priority pollutants. However, analytical techniques used to quantify the levels of known pollutants do not provide insights into the biological hazards associated with pollution by these compounds (Verschaeve and Gilles, 1995) .
Our results for the rodent C. torquatus indicate that coal-induced DNA damage is detectable by the SCG assay, and confirm the viability of this method in environmental biomonitoring in the field. The study of animals in their habitat and without the need to sacrifice them provides an ideal approach for environmental evaluation. 
